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REVIEW

The MHC Class I Inhibitory Receptors

While humans1 and higher primates evolved mainly Killer immu-
noglobulin (Ig)-like receptor (KIR) molecules, rodents and other 
species used type II transmebrane Ly49 molecules that belong to 
the C-type lectins receptors.2-8 Recently, lower primates or pro-
simians have been reported to evolve a third strategy based on 
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the use of different combinations of polymorphic CD94/NKG2 
hetero-dimeric receptors.9

In contrast to inhibitory receptors, activating receptors appear 
to be evolutionary more conserved than inhibitory counterparts. 
They are organized as multimeric structures with tyrosine-based 
signal-transducing polypeptides. The genes coding for these sig-
naling polypeptides have been conserved during speciation for 
more that 400 million years and some are even used for T-cell 
receptor signaling.

Inhibitory NK receptors evolved to interact with MHC class 
I molecules in a “lock and key” fashion. The fine molecular 
mechanism of interaction changed during evolution, since this 
function has been maintained by completely different receptor 
structures during speciation. On the other hand, it is evolution-
ary relevant that all the inhibitory receptors have been found to 
use a conserved mechanism of signaling based on the presence of 
immunoreceptor tyrosine-based inhibitory motif (ITIM; V/I/L/
SxYxxL/V) in their cytoplasmic tails. Upon MHC class I rec-
ognition, ITIM sequences become tyrosine-phosphorylated by 
src-kinases. The inhibitory pathway ends up with the association 
with the intracellular Src homology-2 (SH2) domain-contain-
ing phosphatases 1 or 2 (SHP1 or SHP2), that are dominantly 
involved in the dampening of all triggering signaling pathways 
controlled by the different activating NK cell receptors.10

KIR genes evolved almost 135 million years ago from a 
common ancient gene precursor to originate the KIR3DL and 
KIR3Dx gene loci. The encoded KIR inhibitory receptors have 
been involved only recently in the regulation of NK cell function 
in higher primates.11

KIR loci that are expressed in primates originate by gene dupli-
cation and expansion from the KIR3DL remnant of the common 
ancient gene precursor that maps telomerically to the other ances-
tral KIR3Dx locus (Fig. 1) Notably, during KIR loci evolution 
upon macaque’s speciation, there was a consistent expansion of 
KIR3D loci that encode transmembrane receptors characterized 
by three extracellular Ig-like domains.12,13 In contrast, the num-
ber of KIR2D gene loci that display only two Ig-like domains 
increased more recently and followed the emergence of MHC-C 
genes from orangutan speciation. Different KIR2D loci co-evolved 
with MHC-C alleles in the last 15 million years, and they encode 

Comparative analysis of NK-cell receptor 
expression and function across primate species

Perspective on antiviral defenses
Roberto Biassoni,1,* Elisabetta Ugolotti1 and Andrea De Maria2-4

1Molecular Medicine—Istituto Scientifico Giannina Gaslini; Genova, Italy; 2S.S.Infettivologia—Istituto Nazionale per la Ricerca sul Cancro IST-GE; Genova, Italy; 
3Centro di Eccellenza per la Ricerca Biomedica (CEBR); Genova, Italy; 4Dipartimento di Medicina Interna; Università di Genova, Italy

Key words: killer inhibitory receptor, natural cytotoxicity receptors, NKG2D, primate, gene loci evolution

Natural killer (NK) cells are lymphoid effectors that are involved 
in the innate immune surveillance against infected and/or 
tumor cells. Their function is under the fine-tuning control of 
cell surface receptors that display either inhibitory or activating 
function and in healthy condition, mediate self-tolerance. It is 
known that inhibitory receptors are characterized by clonal 
and stochastic distribution and are extremely sensible to any 
modification, downregulation or loss of MHC class I surface 
expression that are induced in autologous cells upon viral 
infection or cancer transformation. This alteration of the 
MHC class I expression weakens the strength of the inhibitory 
receptor-induced interaction, thus resulting in a prompt 
triggering of NK cell function, which ends up in the inhibition 
of tumor progression and proliferation of pathogen-infected 
cells. Thus, the inhibitory function of NK cells is only one face 
of the coin, since NK-cell activation is controlled by different 
arrays of activating receptors that finally are involved in the 
induction of cytolysis and/or cytokine release. Interestingly, the 
inhibitory NK-cell receptors that are involved in dampening NK 
cell-mediated responses evolved during speciation in different, 
often structurally unrelated surface-expressed molecules, 
all using a conserved signaling pathway. In detail, during 
evolution, the inhibitory receptors that assure the recognition 
of MHC class I molecules, originate in, at least, three different 
ways. This ended up in multigene families showing marked 
structural divergences that coevolved in a convergent way 
with the availability of appropriate MHC ligand molecules.
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In contrast to the ancestral KIR3DL locus that evolved by gene 
duplication and expansion into the presently known primate KIR 
loci, the KIR3DX1 locus, has been conserved in human, common 
chimpanzee, gorilla, rhesus macaque and common marmoset, as 
an unused leftover of the evolution of the KIR multigene family.

In humans, it maps centromerically, close to the LAIR2 gene 
and is located between the two LILR gene clusters but outside the 
region encoding KIRs.17

important inhibitory receptors that regulate NK-cell function in 
humans.14,15

Homo sapiens KIR genes map on chromosome 19q13.42, in 
the telomerically region of Leukocyte Receptor complex (LRC), 
which is close to Leukocyte Ig-like Receptor (LILR) gene loci 
that also belong to LRC. The KIR multigene family accounts 
for a total of 17 gene loci (two of them are pseudogenes) that are 
organized in two possible haplotypes (A and B).16

Figure 1. KIR haplotypes gene loci organization from six primate species. The structure and schematic gene representation of KIR haplotypes from 
human,16,17 chimpanzee,62 orangutan,15 rhesus macaque,12 owl monkey35 and mouse lemur.9 Grey rectangles denote pseudogenes, the ancestral 3DP 
locus of mouse lemur is indicated, as well as lines shown the amplification of KIR loci in the different species. The maps have not been drawn to scale.
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be involved in the regulation of NK cell functions. Indeed, the 
CD94/NKG2 receptor evolved in different species to interact 
with MHC-E (Qa-1 in rodents) molecules, non-classical class 
I molecules that have in the peptide cleft the signal peptide 
derived from the various MHC-class I alleles.28-32 This interac-
tion evolved as a second safety check on overall expression of class 
I molecules.8 Differently, lemurs appear to miss MHC-E ortho-
logue and any other functional homologues. It is intriguing to 
hypothesize that since CD94/NKG2 evolved in different species 
to interact with a class I-like molecule, in lemurs, polymorphic 
CD94/NKG2 heterodimers might use the same buried surface 
area of interaction with histocompatibility molecules to sense not 
only non-classical MHC-E molecules but also MHC class I allele 
variability. Thus, in lemurs, the receptor formed by the combi-
nation of different CD94 and NKG2 molecules might be the 
result of positive selection mechanisms aimed to the maintenance 
of a critical innate immune function involved in the balance of  
self/nonself interaction.

MHC Class I/Receptor Interaction

In primates, the major family of HLA class I-inhibitory recep-
tors is structurally characterized by Ig-like molecules with two 
or three extracellular Ig-like C2-type domains (KIR2DL and 
KIR3DL), a transmembrane region containing non-polar amino 
acid residues, and a long cytoplasmic tail containing two ITIM 
sequences. Phylogenetic analysis of KIRs expressed in catarrhini 
(hominoid and old world monkeys) revealed that these receptors 
might be classified in five different lineages. Receptors belong-
ing to the lineage I (KIR2DL4, KIR2DL5) are structurally 
characterized by two extracellular Ig-like C2-type domains with  
D0 + D2 Ig-like domain configuration. Lineage II is character-
ized by the KIR3DL2 and KIR3DL1 receptors sharing D0 + D1 
+ D2 domains specific for MHC-A and MHC-B alleles, respec-
tively. Lineage III contains MHC-C specific molecules sharing  
D1 + D2 or D0 + D1 + D2 configuration. Macaque’s KIRs 
essentially belong to lineage IV, with the exception of Mm3DL1 
and 3DL10 that have been classified in lineage II, while human 
KIR3DL3 molecules characterize the lineage V.15,33 Recent data 
indicated that new world monkeys (platyrrhini), which share 
with old world monkeys (catarrhini) a common ancestor about 
35 million years ago,34 might have evolved gene loci encoding 
KIR that does not belong to any of the five lineages describe 
above.35

The number of loci encoding lineage III KIR receptors 
expanded in hominoids following the appearance of MHC-C 
allele in orangutan about 15 million years ago.15 This lineage 
originates in humans the expansion of KIR2DL loci that resulted 
to be specific for two HLA-C allele groups characterized by the 
presence of a dimorphism at position 80.36-45 Indeed, KIR2DL1 
is specific for HLA-Cw2, -Cw4, -Cw5 and -Cw6 alleles that are 
characterized by Lys80, while KIR2DL2 and KIR2DL3 are spe-
cific for all HLA-C alleles, such as HLA-Cw1, -Cw3, -Cw7 and 
-Cw8, that display Asn80.8 In humans, recognition of HLA class 
I alleles is also supported by the KIR3DL1 molecules sensitive to 
all HLA-B alleles sharing the Bw4-supertypic specificity that is 

Interestingly, different from primates, cattle is the unique non-
primate species known to have expanded KIR loci and originate 
KIR multigene family through the expansion of the KIR3Dx 
ancestral locus.11,18

Although, the ancestral KIR genes are older than the rodent/
primate split from a common ancestor rising to 87 million years 
ago,19 mouse, rat and other non-primate species evolved com-
pletely different MHC class I-specific inhibitory NK cell recep-
tors. All these species actually use type II integral transmembrane 
homodimeric glycoproteins that belong to the C-type lectins and 
are known as Ly49 receptors.5,6,20-22 These type II transmembrane 
receptors are structurally very different from the Ig-like type I 
transmembrane molecules used by higher primates.

Thus, mouse and rat expanded NK gene complex (NKC) 
Ly49 loci (15 and 36 genes, respectively), while only a single 
copy of Ly49 gene/pseudogene is left in primates. Indeed, a gene 
related to human Ly49L was found in common in chimpan-
zee, gorilla, orangutan, gibbon, baboon, African green monkey 
and other mammalian orders.23 This locus is non-functional 
both in human24 and chimpanzee due to a premature termina-
tion codon.23 This mutation might have arisen in the common 
ancestor of gorilla, chimpanzee and human, thus affecting the 
Ly49H function in these primates, while baboon and other lower 
primates might have a single functional conserved Ly49H gene, 
whose potential role is unknown.23 Along this line, although 
mouse and rat use a different NK-cell receptor system to sense 
MHC-class I expression, their genomes display two KIR loci 
mapping on chromosomes X and 1, respectively.25,26 More pre-
cisely mouse Kirl1 displays 40% amino acid identity with pri-
mate KIR family members and its transcript is expressed at high 
levels on immature mouse thymocytes with unknown function.26

Recently, the analysis of gene loci encoding NK receptor in 
prosimians (Strepsirrhini), a suborder of primates that split about 
78 millions years ago,19 added a novel degree of complexity to the 
mechanism of co-evolution of MHC class I inhibitory NK recep-
tors and their ligands and made it fundamental to our improved 
understanding the mechanisms of evolution of self/non-self 
discrimination.

Interestingly, the NK-related gene loci found in Microcebus 
murinus (grey mouse lemur) possibly suggests an alternative 
mechanism to produce polymorphic MHC class I receptors, 
since these lemurs display only a single copy of both Ly49 and 
KIR genes. More precisely, the ancestral KIR3DL locus of grey 
mouse lemur that is normally expanded in higher primates, is 
a pseudogene (3DLP). The other ancestral KIR3Dx locus that 
is typically expanded in cattle, has been duplicated generating a 
single functional gene KIR3DX1 with unknown function and 
a pseudogene KIR3DX1P.9 This indicates that in lemurs, a dif-
ferent mechanism is used to generate receptors involved in self/
nonself discrimination, since a single KIR is clearly insufficient 
to generate a functional MHC-class I NK-cell receptor system.8 
These data have been confirmed by the analysis of a second lemur 
species (Varecia variegata) that diverged from the other lemur 
species about 43 million years ago.9,27

Interestingly, in contrast with other species, prosimian lemurs 
show amplification of the CD94 and NKG2 gene loci that might 
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49 and CD94/NKG2 or for genes encoding LLIRs (LILRA) and 
KIRs Ig-like receptors. In particular, Ly49D, H, K, L, M, N, P, R 
,U, W7 and CD94/NKG2C59 and CD94/NKG2E heterodimers 
do not inhibit but rather activate NK mediated cytolysis. The 
same triggering function is also associated to Ig-like superfamily 
receptors belonging to the LLIR (LILRAs) and KIRs (KIR2DS 
and KIR3DS).8

These triggering receptors associate at the cell surface with 
signal-transducing polypeptides forming a multichain immune 
recognition receptor, similar, or identical, to those used by T- and 
B-cell antigen receptors.60

In primates, activating KIRs originate within the last 35 
million years (my) from common ancestor gene loci coding for 
inhibitory receptors. They are apparently continuously acquired 
and lost during evolution as a response to the rapid evolution of 
KIR loci.61,62 The unstable presence of activating KIR during evo-
lution might indicate that although they have played a favorable 
effect in host-resistance to pathogens, they also might have deter-
mined a detrimental role, since they might have increased the risk 
to induce autoimmunity.61 On the contrary, although activating 
KIR genes appear to be unstably maintained over evolution, the 
CD94/NKG2C heterodimer appear to be stably expressed in 
rodents63,64 as well as in macaques (M. fascicularis, M. mulatta) 
and in common chimpanzee.13,65,66 It is of note that the com-
parison of the human and chimpanzee sequences for CD94 and 
NKG2 loci indicates that the former locus is more conserved than 
the other. In particular, the NKG2C and NKG2E genes resulted 
to be the most divergent NKG2 loci.66 The sequence comparison 
between the Homo sapiens and Pan troglodytes genes shows a value 
of sequence identity different than expected for chimpanzee/
human gene sequence divergences under neutral selection, thus 
suggesting that the evolution of the heterodimeric CD94/NKG2 
receptors might be driven by external factors, such as pathogens.

Cynomolgous and rhesus macaque NK cells express functional 
CD94/NKG2C molecules sharing a high degree of sequence 
homology with human molecules.65 All these data indicate that 
NKG2 loci evolved under strong positive selection throughout 
primate evolution.67 Thus, it is possible that the positive selection 
mechanism, underlying the NKG2 and CD94 loci evolution in 
lemurs might have defined a complete novel set of NK receptors 
using a combination of different CD94/NKG2 encoded mol-
ecules that ended up to be specific for different alleles of classical 
MHC class I molecules.

Natural Cytotoxicity Receptors

The main human NK-cell receptors involved in NK-mediated 
cell cytotoxicity are the natural cytotoxicity receptors (NKp46, 
NKp44 and NKp30) that belong to the Ig-like superfamily, and 
NKG2D (CD314), which is a member of the C-type lecting 
family of type II transmembrane receptors. Interestingly, while 
NKp46 and NKG2D have been conserved during speciation 
since rodents evolution, NKp44 and NKp30 appear to be differ-
ently conserved during evolution.

NKp46 (CD335) is encoded by the NCR1 gene,8,68 which 
is located on the telomeric end of LRC close to the Fca 

characterized by the presence of a particular amino acid at posi-
tion 80 in a similar region involved in defining the KIR2DL/
HLA-C specificities. Finally, KIR3DL2 is known to be specific 
for HLA-A3/A11 alleles.8 The interaction between KIR and 
HLA alleles has been confirmed by crystallographic analysis 
revealing that these molecules interact with each other approxi-
mately orthogonally with involvement of several conserved resi-
dues residing on the HLA molecule as well as the residues 7 and 8 
of the C-terminal portion of the HLA-bound peptide.46,47

In humans, the LRC-encoded LILRB1 (LIR1, ILT2, CD85j) 
and LILRB2 (LIR2, ILT4, CD85d) receptors have also been 
shown to bind a broad range of classical and non-classical MHC 
and MHC-like molecules, such as the HLA-G molecules that are 
expressed by placenta trophoblasts and thymic epithelial cells.48-52

LILRB2 and LILRB1 recognize different HLA class I 
alleles essentially in a β2-microglobulin dependent way, since 
more than 70% of the binding surface interaction is involving  
14 β2-microglobulin residues.53-55 In contrast, the same receptors 
bind HLA-G more tightly with different a3-domain amino acid 
residues of HLA-G molecules involved in the interaction.53

The recognition of other non-classical HLA class I molecules, 
such as HLA-E, has been shown to be dependent on the expres-
sion of the CD94/NKG2A receptors.

Crystallographic studies revealed that CD94 contributes for 
more than 69% in the interaction with HLA-E and the peptide, 
while the role of NKG2A in the peptide recognition is minimal, 
but essential to determine the ligand recognition outcome.56,57 It 
is to be stressed that CD94 by itself, although is critical for the 
interaction, is unable to bind HLA-E.

More interestingly, in lemurs, unlike other species where 
CD94 and NKG2 molecules are monomorphic, the same loci 
are polymorphic indicating a more complex behavior of lemur 
CD94/NKG2 molecules in interacting with ligand(s). In partic-
ular, lemur CD94 loci produce higher sequence variability than 
NKG2 loci, since 15 amino acids have been positively selected 
for CD94 compared to only 6 for NKG2 molecules.9 Since the 
prominent role of CD94 in the MHC interaction is known, these 
data might indicate that lemurs use the heterodimeric polymor-
phic CD94/NKG2 receptors to recognize different MHC class I 
alleles, and not merely the MHC-E molecule.

Along this line, the evolution of CD94 and NKG2 loci prob-
ably it might also be present in cattle (Bov taurus), since this 
species displays, together with an unconventional expansion of 
KIR3Dx loci, multiple distinct NKG2 and CD94 genes. Some of 
these loci show minor allelic variation and multiple alternatively 
spliced forms,58 thus indicating that two different receptor fami-
lies that are probably involved in sensing different MHC class I 
alleles might coexist in Bov taurus.

The MHC Class I Activating Receptors

It is interesting to note that in all species analyzed and more 
importantly, in all gene families known to encode inhibitory 
MHC class I NK receptors, we always find a variable number 
of gene loci coding for triggering receptor. This phenomenon is 
true either for genes encoding type II receptor molecules like Ly 
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NKp44 has been reported to bind influenza virus hemagglutinin 
of both H1N1 and H5N1 strains.88,92

Similar to NKp46, NKp30 (NCR3) is expressed by both rest-
ing and activated human NK cells. The NCR3 locus has been 
conserved during speciation at least in macaque and chimpan-
zee, while in mouse, the locus is generally non-functional, being 
a pseudogene, with the exception of a single Mus caroli mouse 
strain.72,74,93-95 In humans, the NCR3 locus maps in the HLA 
class III region on human chromosome 6p21.3.96

NKp30 has a single IgV-like domain, a short stalk region 
followed by a transmembrane region containing the positively 
charged arginine residue and by a short cytoplasmic tail without 
any signaling motifs. NKp30 and NKp46 are expressed at the 
cell surface associated with CD3ζ and FcεRIγ ITAM-bearing 
signaling polypeptides through a salt bridge.93,97 Apparently, both 
receptors are also associated with the glycosylphosphatidylinositol 
(GPI)-linked CD59 molecule that is involved in tyrosine phos-
phorylation of the associated CD3ζ-chain.98 Recently, B7-H6, 
which is involved in the induction of NKp30-mediated cell cyto-
toxicity and cytokine secretion, has been suggested as a possible 
cellular ligand for NKp30.99 In addition, the nuclear factor HLA-
B-associated transcript 3 has also been associated with NKp30-
mediated cytokines release and tumor rejection.100

On the contrary, the human cytomegalovirus molecule pp65 
has been proposed to induce a viral-mediated escape to the innate 
immune recognition by inducing NKp30 uncoupling to the sig-
nal transducing CD3ζ subunit and thus blocking any receptor-
mediated function.101

NKp30 is not only involved in the control of tumor cell trans-
formation and pathogens by the triggering of innate immunity 
but also plays an important role in the fine regulation of adaptive 
immune responses.101 NKp30 is directly involved in the cross-
talk between NK lymphocytes and dendritic (DC) cells101 and 
participates in the selection and maturation of immature DC 
(iDC),103-106 thus modulatiing and editing the intensity and qual-
ity of adaptive immune responses.

The information gained so far on the characterization of 
NCRs gene loci during phylogenesis highly suggests that a staged 
appearance of these receptors was probably driven by the patho-
gen environment. In particular, they might be involved in retro-
virus susceptibility, thus providing useful tools for the study of 
natural immunity correlates of protection in primate SIV/SHIV 
infection models.

The NKG2D triggering receptor is a type II transmembrane 
protein encoded by a gene locus mapping on human chromosome 
12p13.2, inside the region defined NK gene complex encom-
passing the NKG2 and CD94 gene loci. NKG2D is expressed 
in rodents and primates (macaques, chimpanzee), including 
humans.8,65,76,107-111 It is expressed at the cell surface of NK cells, 
γ/δ and CD8+ T lymphocytes112 as a homodimer and associates 
with two DAP10 (KAP10) signaling homodimers, thus forming 
an hexameric receptor structure.113 Interestingly, NKG2D trig-
gering does not involve ITAM-induced signaling pathways, since 
DAP10 cytoplasmic tails display the YINM motif that upon 
phosphorylation, is able to recruit either phosphatidylinositol 
3-kinase (PI3K) p85 subunit or the Grb2 adapter protein in a 

receptor-enconding gene (FCaR) on chromosome 19 in human, 
chimpanzee, orangutan and macaque.8,21,60,68,69 This locus is also 
conserved in lemurs, mice, rats, bovine and the encode protein 
displays a similar pattern of expression and function.71-77 NKp46 
has an aminoterminal extracellular portion organized in two 
extracellular Ig-like C2-type domains with known structure 
(PDB: 1OLL78), a transmembrane region containing a posi-
tively charged arginine residue and a small cytoplasmic tail of 
25 amino acids. In the context of the hydrophobic transmem-
brane enviroment, the positively charged amino acid is involved 
in a salt-bridge formation with the negatively charged residue  
(aspartic acid) present on the transmembrane region of CD3ζ 
and FcεRγ, two ITAM-bearing  signal-transducing polypeptides 
involved in the NKp46-mediated cell activation.8,69

The NKp46 receptor is expressed both on resting and activated 
NK cells, being the major receptor involved in NK-mediated can-
cer cell killing.8,69,79

Differently than NKp46, the NKp44 (NCR2) expression 
is only induced upon interleukin-2 (IL-2) activation and this 
receptor is essentially expressed on activated NK and γ/δT cells 
but not on resting NK cells.80 The NCR2 locus maps on chromo-
some 6p21.1 and is located telomerically to the human trigger-
ing receptor expressed on myeloid cells (TREM) gene cluster.80,81 
Interestingly, the murine syntenic region of the human chromo-
some 6 located on mouse chromosome 17 lacks any NKp44 gene 
orthologue, although the same region displays different ortholo-
gous loci of the TREM gene cluster that are known to be close 
to the NCR2 gene locus in human genome.81,82 The NKp44 
structure (PDB: 1HKF) is characterized by a single extracellular 
IgV-like domain with an extra disulphide bridge, which is typi-
cal of IgV-domains of receptors that belong to the CD300-like 
multigene family (IREM1, PDB: 2NMS, and mClm1, PDB: 
1ZOX).83 The Ig domain is anchored to the transmembrane 
region through a proline-rich stalk followed by a cytoplasmic 
tail that contains a single, nonfunctional ITIM sequence.8,80 
NKp44 associates with disulfide-linked homodimer of the 
ITAM-bearing signal-tranducing DNAX-activating protein of 
12 kDa (DAP-12) through a positively charged transmembrane 
lysine residue. Additional pathway of NKp44-mediated acti-
vation, which is different than those of other NCR receptors, 
and uniqueness of NKp44 expression on activated cells might 
explain higher cytolytic potential of activated NK cells as com-
pared to resting cells.84

NKp44 cellular ligand(s) expressed in cells of different his-
tological origin are apparently sensible to trypsin treatment and 
their expression seems to be modified along the progression of cell 
cycle.85 In addition, NKp44 has been reported to bind directly to 
the bacteria cell wall of mycobacterium-related species apparently 
using a ligand different to the one involved in the cellular inter-
action.86 Although the natural cellular ligands for NKp46 and 
NKp44 are still unknown, surface heparan sulfate proteoglycans 
(HSPGs) are believed to be involved in the recognition of tumor 
cells by NKp44.87 In addition, NKp46 and NKp44 are involved 
in the response against influenza virus, since they appear to rec-
ognize the viral-encoded hemagglutin (HA) (IV-HA) and hem-
agglutinin-neuroaminidase (SV-HN) molecules.88-91 Moreover, 
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the presence of a high viral load), the association of an impaired 
NKp30-dependent DC maturation and NK activation may in 
part explain the different behaviour following HIV viral infec-
tion. Thus, it is tempting to hypothesize a role of NKp30 as one 
of the factors implicated in the longer survival of chimpanzees in 
the case of a long-standing HIV-1 infection.

More recently, NKp44 has been found to be expressed in Pan 
troglodytes NK cells upon activation, like in human, although 
the NKp44 transcription appears to increase slightly less com-
pared than in humans.82 Since humans and chimpanzees are the 
unique species known to express functional NKp44 molecules, it 
is tempting to speculate that, NKp44 locus has recently emerged 
during evolution. It is possible that NKp44 locus appeared dur-
ing macaque speciation, since cynomolgus showed weak tran-
scription levels, occurrence of high-frequency of out-of-frame 
transcripts, without the surface expressinon of functional recep-
tor molecules.82

Perspective on Antiviral Defenses

According to phylogenetic evidences gathered so far, it appears 
that patrolling of NK cell receptors for self/nonself recognition 
evolved in a highly dynamic fashion, and this evolution could 
be primarily driven by the necessity to cope with adaptation 
to changing environments with ever changing pathogens. The 
required extent of flexibility in molecular mechanisms driving 
this shaping of native and adaptive immune responses is reflected, 
for example, by the still ongoing battle between host defense 
responses and escape tricks adopted by human cytomegalovirus 
to hide and survive.

When adaptation to the environment and evolution is con-
sidered, innate immune responses that include NK cells, match 
those induced by the adaptive immune system. Adaptive immune 
responses developed to high specificity are tuned to recognize 
and destroy/control individual pathogens and transformed cells. 
They operate under considerable molecular constraints and are 
endowed with more limited evolutionary plasticity as compared 
to NK cells. Natural Killer cells have been originally believed 
to be a simpler and ancient effectors defense mechanism com-
pared to the cells responsible for adaptive immunity. On the 
contrary, molecular studies of NK cell receptor loci development 
convey a view of an extremely dynamic immune-defense system. 
These receptor molecules underwent evolution or adaptation 
together with the evolution MHC molecules in order to opti-
mally tackle the challenges of intracellular pathogen infection or 
tumor-transformation.

In humans, several lines of evidence link differences in NK 
cell receptor expression to differential responses to invading 
pathogens. In contrast, little is known about this link in other 
animal species with the possible exception of rodents. This dis-
crepancy contributes to a paradox situation: when it comes to our 
understanding of comparative NK-cell receptor function, ani-
mal models that have been established and widely used to study 
immune responses to pathogens and to evaluate vaccines includ-
ing macaque models, represent in part black boxes when com-
pared to humans. In addition, differences in NK-cell receptor 

mutual exclusive pattern.114-116 Human NKG2D binds to differ-
ent molecules, including MICA and MICB, the stress-inducible 
MHC class I-related molecules that are encoded by loci mapping 
on MHC complex on human chromosome 6p21.3.117-123 Recently, 
MICA/MICB-like orthologous genes have also been described in 
macaques.124 In addition, NKG2D has also been reported to bind 
to the human cytomegalovirus UL16 binding proteins (ULBP1-5),  
which are encoded by gene loci present on the long arm on 
chromosome 6q24.2-q25.3 and are homologous to the murine 
retinoic acid inducible RAET1 molecules that are known to be 
NKG2D ligands in mouse.125-128 ULBP1-3 are GPI-linked mole-
cules (RAET1I, RAET1H, RAET1N ), while ULBP-4 (RAET1E) 
and ULBP-5 (RAET1G) are type I transmembrane proteins.129

MICA and MICB are expressed on the cell surface and dif-
ferently than MHC class I molecules, are not associated with the 
β2-microglobulin subunit and peptides.117 In contrast to MICA 
and MICB, all ULBPs miss the extracellular a3 domain typical 
of class I-related molecules.

Murine NKG2D, like the human homologue, is characterized 
by the recognition of multiple ligand molecules, such as the H60 
minor histocompatibility antigen, the murine ULPB-like tran-
script 1 MULT1 molecule and the RAEa-ε retinoic acid early 
inducible proteins.130-136

NKG2D is able to interact with multiple ligands albeit they 
essentially do not share significant homology (<20%). Although 
the receptor-ligand interfaces are apparently highly similar, 
at least for ULBP-3 and MICA, they use different amino acid 
residues in the interaction.137-139 In humans, some of different 
MICA (60) and MICB (25) alleles are probably associated with 
the pathogenesis of different diseases, such as rheumatoid arthri-
tis, multiple sclerosis, celiac disease and diabetes mellitus.140-142 
NKG2D ligands are known to be upregulated in response to viral 
infection, oxidative and genotoxic stresses.143-146 Although MIC 
molecules have been found conserved in non-human primates, 
lemur, cattle and pigs, no orthologues have been defined in the 
mouse MHC region.6,140,141,147

Among the receptors involved in natural cytotoxicity, the 
NKp46, NKp30, NKp80 and NKG2D molecules expressed in 
macaques PBMC and in in vitro-derived NK cell populations and 
clones, were shown to react with monoclonal antibodies (mAbs) 
originally raised against human NK cells. More interestingly, the 
same mAbs can be used to analyze the function of these recep-
tors either by redirected killing assay or mAb-mediated masking 
assay.65,72 In addition to macaques PBMC, chimpanzees PBMC 
also display variable reactivity with mAbs specific for human 
NKp46, NKp80 and NKG2D molecules, but major differences 
apply to NKp30 expression. Probably due to post-transcriptional 
regulation, NKp30 is not expressed (or has low expression level) 
on freshly derived PBMC, while it is clearly expressed in activated 
NK cells. Thus, differently from humans, chimpanzees NK cells 
express NKp30 upon culturing them in IL-2-rich media.76 It is 
tempting to speculate that the differential expression of NKp30 
might lead to a differential maturation of immature-DC in chim-
panzee affecting and modifing the outcome of HIV-1 related 
lentivirus SIVcpz infection.148 Since chimpanzees are known to 
have the relative resistance in the development of AIDS (even in 
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associated to increased rates (three-fold) of non-response to stan-
dard treatment at 6 mo The reverse, i.e., KIR2DL3 heterozy-
gosity or homozygosity in the presence of HLA-C1 haplotype, 
was correspondingly associated with increased odds (3-fold) of 
responses to treatment with clearance of virus replication.158 In 
this case, functional correlates on in vitro NK cells or in animal 
models are still lacking, as well, and there are so far no answers 
whether it is feasible to manipulate KIR expression (or interfere 
with it) to favor response to treatment during chronic HCV 
infection.

Activating KIRs are also associated to different disease courses 
in humans infected with pathogens characterized by persistent 
or latent replication cycles. Severe, invasive, HPV-6/11-associated 
recurrent respiratory papillomatosis (RRP) has been shown 
to associate with lack of activating KIRs such as KIR3DS1, 
KIR2DS2, KIR2DS5, while their presence on NK cells was 
more frequent in patients with moderate RRP.159 The relevance 
of short-tailed, activating KIRs during chronic HCV infection 
has been only partially elucidated in humans. Expression of both 
KIR3DS1 and HLA Bw4 has been recently reported to associ-
ate with liver injury and cirrhosis in HCV infected patients.160 
Blocking of triggering KIRs and reducing KIR2DL3 interaction 
with its natural MHC ligands may therefore represent future 
options to increase survival of chronically infected patients who 
would otherwise proceed to liver injury and cirrhosis with end-
stage liver disease.

Over recent years, attention to short-tailed isoforms of KIRs 
during human HIV infection has been also raised. KIR3DS1, 
in combination with HLA-B alleles that encode molecules with 
isoleucine at position 80 (HLA-B Bw4-80Ile), has been associ-
ated with delayed progression to AIDS in individuals infected 
with human immunodeficiency virus type 1 (HIV-1).161 Patients 
with homozygous expression of KIR3DS1 and HLA-B Bw4-
80Ile alleles (including HLA-B57) bear a subset of NK cells 
that display enhanced control of HIV-1 replication in vitro.162 
Patients bearing the HLA-B57/B5801 haplotype are over repre-
sented in cohorts of elite controller long-term non-progressors163 
and are more likely to develop LTNP or slowly progressing dis-
ease, when compared to other HLA haplotypes. Depending pos-
sibly on the KIR haplotype expressed by NK cells, HIV-infected 
patients bearing KIR3DS1+/HLA-B Bw4-80Ile+ may respond 
with improved innate control of viral replication and conserved 
CD4+ T-cell counts. In these patients, the relationship between a 
minor fraction of KIR3DL1+ NK cells (≈5–10%), the ability of 
these cells to directly control HIV-1 replication in all interested 
districts, and their role in the protection from NCR perturba-
tions and NK cell activation is still undefined. In line with this 
consideration, recent studies on LTNP cohorts failed to identify 
enrichment in KIR3DS1+/HLA-B Bw4-80Ile+,164 or improved 
NK cell function.164,165

So far, animal models for the study of HIV infection are 
limited to few animal species. The only known natural occur-
ring model of animal HIV-1 infection is chimpanzee,148 while 
macaque models exploit infection with heterologous or molecu-
larly manipulated Simian Immunodeficiency Virus (SIV). In gen-
eral, chimpanzee infected with HIV as well as the vast majority 

organization, regulation and function prevent transfer of infor-
mation from humans to animal models or vice versa.

With regard to clinical responses to invading pathogens, dif-
ferent reports have shown that both activating and inhibitory NK 
cell receptors may be involved in the shaping of different clinical 
outcomes.

When considering the role of inhibitory NK-cell receptors, 
a seminal work based exclusively on molecular biology studies 
in patients exposed to HCV infection showed that the chance 
of clearing HCV upon acute infection is five times higher for 
patients homozygous for KIR2DL3 inhibitory NK receptors 
and HLA-C1.149 Since the affinity of this receptor for its HLA 
ligand (HLA-C1) is lower compared to the affinity of KIR2DL2 
for HLA-C1 or of KIR2DL1 for HLA-C2, these patients could 
take advantage of a less inhibited NK cell function when their 
NK cells sense autologous HCV-infected hepatocytes that are 
still expressing HLA class I molecules, possibly leading to a more 
efficient virus clearance. Although no functional proof of this 
mechanism is provided, this data interpretation might explain 
why homozygosity for KIR2DL3/HLA-C1 bears a higher prob-
ability of success in clearing acute infection with low titer expo-
sure to HCV (injection as opposed to blood transfusions). In line 
with this finding, the same group has recently reported the simi-
lar association in exposed-uninfected subjects and in chronically 
HCV-infected patients responding to treatment.150 Other studies 
have associated KIR2D alleles to outcome of liver transplanta-
tion and repeat cirrhosis, albeit with discordant results.151,152 
With the cautionary note in mind that functional proof of  
KIR/HLA relevance on control of virus replication in hepato-
cytes is not available yet, these data suggest that interventions 
with techniques aimed at modulation of KIR expression (or of 
their function) on NK cells could influence the outcome of acute 
HCV infection preventing progression to chronic persistent 
infection. Unfortunately, correlates of this observation in animal 
models are lacking so far. Although experimental HCV infection 
in non-human primates (chimpanzees) has been developed as a 
model for vaccine purposes,153,154 KIR diversity in chimpanzees155 
and lack of correspondence to human KIR/HLA156 prevent the 
possibility of a direct transfer of this information. This leads to 
the impossibility to devise and verify tools for the manipulation 
of KIR/HLA interaction for the treatment or prevention of HCV 
infection. Given the above discussion on KIR evolution, it will 
become difficult to embed manipulation of KIR/HLA interac-
tion in established animal models (e.g., chimpanzee for HCV). 
This could constitute a complicating issue also with regard to the 
envisaged transition to small animal models for the development 
of HCV vaccines.157

Results from other human studies independently contribute 
to the hypothesis that KIR/HLA interaction might represent 
a relevant parameter to be considered during HCV infection. 
Indeed, as recently reported from a large study in Europe on 
chronically infected patients undergoing treatment,158 exploring 
KIR genotyping (KIRotype) may become a useful tool to evalu-
ate chances of clinical response to standard treatment in patients 
chronically infected with HCV. In this study, the presence of 
either KIR2DL2 heterozygosity or KIR2DL2 homozygosity was 
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human studies for vaccine purposes.170,171 In addition, different 
from NK cells in HIV-infected patients,172 NCR expression is not 
decreased in SIV-infected Macaca fascicularis that develop AIDS-
like illness.65 This raises questions regarding the appropriateness 
of some immunological correlates of protection when macaques 
are employed for vaccine studies.

The observation of a particular regulation of NKp30 expres-
sion in chimpanzees (both uninfected and HIV-infected) opens 
up the possibility that the decreased pathogenicity of HIV in this 
species could be associated to this finding, preserving chimpan-
zees from intense NK-DC crosstalk and therefore from intense 
downstream immune responses with generalized immune activa-
tion.76 Although correlates of this regulation in humans are lack-
ing, this observation could raise the possibility that in humans, 
different responses to chronic infection by intracellular patho-
gens may reflect, at least in part, differential NCR regulation.

of African non-human primates infected with homologous virus 
behave as human long-term non-progressors.148,166 Contrary 
to these models, human long-term non-progressors represent a 
minority of HIV-infected patients (≤2%). Currently available 
animal AIDS models, including macaques and mice, require 
artificial manipulation of either the host or of the virus167,168 and 
bear consistent limitations in their comparability to human HIV 
infection.169 In addition, as discussed above, differences between 
macaque and human NK-cell receptor expression support the 
cautionary notes that have been recently issued.170 Indeed, one 
can envisage consistent differences in NK cell interaction with 
HIV in cynomolgus and rhesus macaques compared to humans. 
In these species, for example, NK cells do not express NKp44 
as its transcription is inefficient.82 As a consequence, aspects of 
NKp44/CD4+ T cells/HIV interaction are missing and cannot 
be evaluated, preventing exploitation of knowledge derived from 
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